In template-assistance model, normal prion protein (PrPC), the pathogenic cause of prion diseases such as Creutzfeldt-Jakob (CJD) in human, Bovine Spongiform Encephalopathy (BSE) in cow, and scrapie in sheep, converts to infectious prion (PrPSc) through an autocatalytic process triggered by a transient interaction between PrPC and PrPSc. Conventional studies suggest the S1-H1-S2 region in PrPC to be the template of S1-S2 β-sheet in PrPSc, and the conformational conversion of PrPC into PrPSc may involve an unfolding of H1 in PrPC and its refolding into the β-sheet in PrPSc. We have conducted a series of simulation experiments to test the idea of transient interaction of the template-assistance model. We found that the integrity of H1 in PrPC is vulnerable to a transient interaction that would alter the native dihedral angles at residue Asn 143 , which connects the S1 flank to H1, but not to interactions that alter the internal structure of the S1 flank, nor to those that alter the relative orientation between H1 and the S2 flank.
Introduction
Prion protein (PrP) in its infectious form is the pathogen that causes several prion diseases such as Creutzfeldt-Jakob (CJD) in human, Bovine Spongiform Encephalopathy (BSE) in cow, and scrapie in sheep [1] . Fig. 1 shows an NMR structure of the C-terminal of mouse PrP in its native form (PrPC) (PDB code: 1AG2). It contains 103 residues from Gly 124 to Tyr 226 classified into secondary structures and surface loops [2] . These include three α-helices: H1, residues 144 to 152, H2 , and H3 (200-216); two β-strands: S1 (129-131) and S2 (161-163), which form an anti-parallel β-sheet; six loops: L1 (124-128), L2 (132-143), L3 (153-160), L4 (164-172), L5 (194-198) , and L6 (217) (218) (219) (220) (221) (222) (223) (224) (225) (226) . In what follows we shall refer to the S1-L2 segment as the S1 flank, or F1, the L3-S2 segment as the S2 flank (F2), and the segment from S1 to S2, inclusive, as the S1-H1-S2 peptide.
Homologs of PrP in other organisms generally have residue numbering that differ from the mouse numbering given in Fig. 1 ; unless explicitly otherwise specified, in this text we will use the mouse numbering.
Experimental investigations suggest that the pathogeny of prion diseases is characterized by the unfolding of PrPC followed by misfolding into the infectious scrapie isoform (PrPSc) [3] , which involves conformational changes in the C-terminal residues 121-231 but no chemical reaction [4, 5] .
Muramoto et al. showed the H2 and H3 helices seem to be stabilized by disulfide bonds and likely to have the same conformation in PrPC and PrPSc [6] . They also found the deletion of both H2
and H3 from PrPC does not stop its conversion to PrPSc. Eghiaian et al. showed the epitope of antibody to be conserved in the H2 and H3 regions, again suggesting that these two helices are conserved during conversion [7] .
Because the H2-H3 region seems to be conserved during the PrPC to PrPSc conversion, recent experimental and computational investigations have focused on the S1-H1-S2 peptide, and these have revealed important features of the prion disease. In experiments, Kozin et al. found that residues 142-166 in human numbering (same numbering as in mouse) has the propensity to form a β-hairpin around residues 153-156 at neutral pH level [8] , which they believe to be the event that drives the conversion. Using the simulation package GROMACS Daidone et al. found the Syrian peptide 109-122 to be prone to α-β transition [10] . Using CD and NMR methods Sharman et al.
showed a predominantly helical propensity in the H1 region for PrP in water [9] . On the question of possible mechanisms that trigger the conformational conversion, in vitro studies suggest that altering the pH level of the solvent, which varies static electric interactions, might destabilize the H1 helix and trigger conversion [11, 12] . Similar effects were observed in in silico studies by Levy et al. [13, 14] and by DeMarco [15] . In simulations on mouse prion 1AG2, Guilbert et al. found that a major modification of dihedral angles around the residue 125 was required for the formation of a β-strand in residues 121-133 [16] . These results may be summarized as follows: in the PrPC to PrPSc conversion the S1-H1-S2 peptide in PrPC converts to a β-sheet conformation in PrPSc, and during the conversion the H2-H3 region plays at most a passive role.
One of the models advanced for the pathogenesis of the prion disease is the template-assistance model [1, 17, 18] . In this model it is assumed that PrPC, normally more stable than PrPSc in isolation, would in the presence of PrPSc convert to the latter via a transient catalytic interaction with it. The implication is that a dimer of PrPSc's is energetically more stable than a system of non-interacting PrPC and PrPSc. When there are other PrPC present, the initial autocatalytic process would then lead to a propagation of PrPC to PrPSc conversion. Because PrPSc's always appears in aggregated state and not in isolation, its structure is not precisely known at present [8, 15] , rendering an investigation of the conversion-causing transient interaction between PrPC and PrPSc problematic. Nevertheless, an in-principle feasibility of the template-assistance model was demonstrated by Malolepsza et al. [19] . In their computer simulations the PrPSc was approximated by peptides with β-sheet structure, and the authors found that such peptides were able to induce conversion of peptides with α-helix.
A key assumption of the template-assistance model is that the the PrPC to PrPSc conversion is triggered by a transient interaction, as opposed to, say, a series of slow-acting contacts. Here, we use computer simulation to explore possible consequences of transient interactions that may trigger the PrPC to PrPSc conversion, without explicitly including the latter in the simulation. In practice, we investigate what sudden changes to the conformation of PrPC would destabilize its native structure.
We take this to be a first step in an attempt to verify the template-assistance model in a more realistic setting. If a conversion triggering transient interaction is found, then a possible next step is to see whether (in simulation) the presence of a PrPSc in the vicinity of a PrPC indeed would affect such an interaction. We take a two-step approach because a general exploration of possible transient interactions between PrPC and PrPSc by MD simulation would exceed our present computational capability, and because an accurate knowledge of the conformation of PrPSc is lacking.
In the present work we institute structural changes in PrPC by hand, changes that we assume may be caused by hypothetical transient interactions, and follow the aftermath in each case by molecular dynamics (MD) simulation. Specifically we focus on the stability of H1 after a change made in the S1-H1-S2 peptide. Our study contains two parts. In the first part we attempt to determine changes in which one of the two flanks -F1 and F2 -is more likely to initiate an unfolding of H1. We find the answer to be F1. In the second part, we initiate specific structural changes in F1, run MD simulations on the S1-H1-S2 peptide, and focus our attention on the way H1 is affected.
We find the native structure of the S1-H1-S2 peptide to generally quite robust. Among structural alterations made to F1, modification of the two dihedral angles of Asn 143 is found to be most likely to lead to the unfolding of H1, and that when H1 unfolds, it tends to form a β-hairpin turn at residues 150-152, which is close to the 153-156 region reported in [8] . Our results also suggest that hydrophobic forces do not play a major role in the conversion process.
Method

Simulation parameter settings
The simulation package AMBER 8 [20] is used for energy minimization and MD simulations. In the latter the AMBER force field ff03 [20] is used. As a prelude to each simulation a full conjugate gradient energy minimization is applied for 1000 iterations to allow the spatial positions of the atoms to relax to their respective local energy minima. During minimization as well as in simulation proper, the program SHAKE [20] is invoked to constrain hydrogen bonds. This has the effect of preventing the fast motion of hydrogens. The cut-off distance for non-bonded interactions in energy minimization is set to be 15 Angstrom.
For the MD simulation proper, system temperature is fixed at room temperature, or 300 K.
The Andersen temperature coupling program is employed to regulate temperature between protein and the environment. Pressure coupling is neglected at all times. Simulation time step is 2 fs.
Initial velocities of atoms in proteins are generated from Boltzmann distributions at temperature 300 K. The effect of solvent is represented by the modified generalized Born model of Onufriev et al. [21] , where the pH level is set to neutral, and where, for calculating the effective Born radius, the maximum distance between a pair of atoms is set to be 12 Angstrom.
The code PTRAJ from the AMBER package is used to extract peptide conformation at 1 ns intervals, and the program DSSP [23] to identify protein secondary structure. Two programs, g sas and g saltbr, from the MD package GROMACS [22] are used to calculate solvent accessible surfaces (SAS) and salt-bridge distances, respectively.
The MD simulations are performed on a 32-node PC cluster at the National Center for Highperformance Computing in Taiwan. Under the above settings the average CPU time needed to simulate the folding of a 40-amino-acid peptide for 1 ns is about half an hour.
H2-H3 is independently stable under simulation condition
To study the stability H2-H3 under our simulation environment settings, a 30 ns simulation on 1AG2
(124-226) is carried out. For this simulation the initial conformation of F1 is that of a random coil and that of the rest of the peptide is the same as in PrP. The secondary structure of the peptide during the simulation is shown in Fig.2 , where 3 10 -helices and α-helices are grouped together and shown in one color code (violet). Although there are minor conformational variations in the H2-H3 region, the helical structure of H2-H3 is largely conserved whereas H1 unfolds and refolds during the simulation. This result, the structural conservation of H2-H3, is consistent with previous studies and allows us to focus subsequent simulations on the S1-H1-S2 peptide.
Designs for two series of simulations on S1-H1-S2
Our intention is to represent the effect of potential conversion triggering transient interactions on the S1-H1-S2 peptide by artificially induced structural changes to the peptide, and study the stability of the affected peptide through MD simulation. Following this strategy we carry out two series of exploratory simulations classified according to the artificial changes made to the peptide and designated Enfm, where n= 1 and 2 is the classifier, and m enumerates the simulations in each class. In practice, a specific designation indicates a specific initial conformation for the peptide.
In addition, f0 (without the prefix En) denotes the benchmark simulation in which the S1-H1-S2
peptide has the native conformation as its initial conformation.
The E1 series. The goal of this series of simulations is to identify which flank plays a crucial role in the stability of H1. We consider three extreme cases. In each case, either F1, F2, or both together, is completely pruned from the S1-H1-S2 peptide and the remainder, initially in its respective native conformation, is simulated. In E1f1, F2 is pruned and the remained consists of residues 124 to 154.
In E1f2, F1 is pruned and the remained consists of residues 142 to 167. In E1f3, both flanks are pruned and the remainder consists of residues 142 to 154. The total simulation time for this series is approximately 800 ns. As will be reported in section 3, we find from this series of simulations that F1, but not F2, plays a crucial in the stabilize H1 α-helix. This information was used to design the E2 series of simulations.
The E2 series. Guilbert et al. [16] pointed out that a major modification of the dihedral angles of a residue in F1 is required for the formation of a β-sheet on the S1-H1-S2 peptide. This, together with the result from the E1 simulations motivate the E2 simulations describe below. In each simulation, the initial conformation of F2 relative to H1 is unchanged, and one of two types of changes is made on F1. In the first type, the dihedral angles of Asn 143 , the residue joining F1 to H1, are changed. . These modifications are made using DeepView/Swiss-Pdb viewer [24] . Fig.3 , as is Fig.1 , are generated by Pymol [25] . In the Ramachandran plot, (Φ, Ψ) 1 lies in the left-handed helical region, (Φ, Ψ) 2 in the right-handed helical region, and (Φ, Ψ) 3 in the β-strand region. The total time for the three simulations is about 1 µs. In the second type, for which only one simulation (E2f4) is run, the initial internal conformation of F1 is altered by changing the 3 Results right panel, the histograms give the percentage of time over the entire 200 ns simulation versus the number of residues in the H1 region forming the α-helix. The peaks at 4 and 7-8 residues in the histograms reflect the fact it takes 3.6 residues to form a turn in an α-helix. In the benchmark simulation f0, H1 has one full helical turn (3 or 4 residues) 32% of the time and has two full turns 60% of the time. This result indicates that, consistent with experimental studies [9] , the S1-H1-S2
Results of E1 simulations
peptide does indeed have a strong α-helical propensity.
Stability of H1 is more dependent on F1. The percentages of time H1 has no turn, one turn and two full turns in simulations E1f1, E1f2 and E1f3 are given in Table 1 , where they are compared with the benchmark case. The percentage of time E1f2 has one or two full turns (85%) is close to f0 (92%) but significantly more than E1f2 (63%) and E1f3 (67%). Recall that in E1f1, F1 is retained in the peptide while in E1f2 and E1f3 it is excised from it. We thus conclude that relative to F2, F1 is significantly more crucial to the stability of the α-helix nature of H1 and, by inference, that a transient interaction altering the structure of F1 is more likely to lead to a PrPC to PrPSc conversion than a transient interaction altering the structure of F2. 
Results of E2 simulations
Native conformation of S1-H1-S2 has the lowest energy in simulation. Peptides in the E2 series have the same amino acid sequence but have different initial conformation. Fig.5 shows the total energy difference ∆E(fn) = E(E2fn)-E(f0), n= 1, 2, 3, 4, where for every case the energy is taken after the initial energy minimization and before the simulation proper begins. These results confirm the expectation that the native conformation of the S1-H1-S2 peptide has the lowest energy, at least compared to the initial conformations imposed on the peptide in the E2 series of simulations.
This also provides a minimum necessary validation of the force field (ff03 of the AMBER 8 package [20] ) used in these simulations. We make a remark whose relevance will become clearer later: among the deformed peptides, E2f4 has the lowest initial energy.
H1 is unstable against modification in orientation of F1. Recall that in simulations E2f1, E2f2 and E2f3, the initial relative orientation of F1 relative H1 is changed (see Fig.3 ). The left panel of time the H1 contains one full turn and two full turns of α-helix in these simulations are summarized in Table 2 , which also lists results for the benchmark case (f0), and the E1f2 (see previous section) Table 2 : Percentage of simulation time in E2 simulations during which α-helix in H1 has one full turn and two full turns, respectively. )  f0  3  32  60  E1f2  20  38  25  E2f1  25  25  38  E2f2  3  40  36  E2f3  12  36  30  E2f4  3  27  59 and E2f4 (see below) simulations. These results put the E1f2, E2f1, E2f2, and E2f3 in a class, in which the α-helix in H1 has one or two full turns about 65% of the time, and f0 and E2f4 in another class, in which the α-helix has one or two full turns about 90% of the time. Recall that F1 was excised from the peptide in E1f2. These news simulations indicate that retaining F1 in the peptide but changing its orientation relative to H1 is sufficient to destabilize the structure of H1.
Simulation Zero turn (%) One turn (%) Two turns (%
H1 is stable against modification in internal conformation of F1. In simulation E2f4 the connection between F1 and H1 is kept in its native state but the conformation of F1 is changed by altering the dihedral angles of Ser 135 (see Fig.3 ). The simulation results are shown in the right panel of Fig.6 and summarized in the bottom line of Table 2 . It is seen that there is as much α-helix content in the simulation of E2f4 as there is in f0. The inference is that modifying the internal conformation of F1 does not destabilize H1.
There are new hairpin-like turns in E2f1. Fig. 7 shows conformational transitions in f0 , E2f1
(representing E2f1, E2f2 and F2f3), and E2f4 during a 200 ns simulation, where "α-helix" includes the α-like structure α 10 -helix. In all three cases, a bending site giving a hairpin-like structure persists around residue 157 during the full simulation. Kozin et al. in their experimental studies on the sheep PrPC peptide in solution pointed out that this turn may form a part of the β-sheet structure during conversion [8] . It is seen that f0 not only retains helical structure most of time in 
Summary and Discussion
The template-assistance model attribute the pathogenesis of prion disease to an autocatalytic process, which occurs via transient interactions between PrPC (the mouse 1AG2 peptide) with PrPSc. In a preliminary control run, a short simulation of the 124-226 residues on PrPC was first performed. This showed (Fig.2 ) the α-helical structure of the H2-H3 region to be conserving and unlikely to participate in the PrPC to PrPSc conformational conversion, in agreement with several previous studies [7, 11, 12, 13, 14, 15] . All subsequent simulations were done on the S1-H1-S2
peptide composed of residues 124 to 163, the residues beyond F2 including the H2-H3 regionresidues 164-226 -were left out.
The first series of simulations on the S1-H1-S2 peptide were designed to show, of the two flanks F1 and F2, which would play a more important role in preserving the α-helical structure of H1. Four simulations were conducted: f0, the benchmark simulation on the entire peptide; E1f1, simulation on the peptide minus F2; E1f2, minus F1; E1f3, minus both the F1 and F2. The results suggested that the integrity of the helical nature of H1 depends crucially on the presence of F1 but only weakly on the presence of F2 (Fig. 4 and Table 1 ).
In the second series of tests F2 was left alone and artificial conformation alterations were made on F1 prior to simulation (Fig.3) . In E2f1, E2f2, and E2f3, the relative orientations of H1 and the F1 was modified by changing the two dihedral angles of residue Asn 143 joining F1 to H1. In E2f4 the relative orientations of H1 and the F1 were unchanged while the internal native conformation of F1 was altered by changing the dihedral angles of Ser 135 . It was found that keeping the F1-H1
angle intact was crucial to the integrity of the native H1 structure whereas keeping the internal structure of F1 was not ( Fig. 6 and Table 2 ). We remark that the present investigation is about the transient instability of H1 after a disturbance is made to S1-H1-S2. Hence the simulation that follows is not supposed to be very long; in the present study the duration of all simulations were 200 ns. Theoretically, a sufficiently long simulation will always bring the S1-H1-S2 peptide back to its native conformation, regardless of its initial state.
Further examination of three other properties of the peptides -the existence of hairpin-like turns, the spans of salt-bridges, and the hydrophobic solvent accessible surface -showed results consistent with our interpretation that a (specific) change to the relative F1-H1 orientation (E2f1) would cause H1 to unravel while a change in the internal conformation of F1 (E2f4) would not. The spans of all three salt-bridges in the S1-H1-S2 peptide are similar during the f0 and E2f4 simulations. In the The conformations of 1AG2 peptide and its subunits, the S1-H1-S2 peptide and the H2-H3 domain, all turned out to be quite robust. Our simulations showed that neither the conformation integrity of S1-H1-S2 nor that of H2-H3 depends on the presence of the other. Furthermore, the native H1 conformation was robust against any changes involving F2 and changes to the internal structure of F1. This robustness is consistent with the fact that prion related diseases are not easily transmitted and rarely occur spontaneously, that is, non-infectiously. This may explain why, by and large, it afflicts only older people. Nevertheless, there does seem to be at least one type of vulnerability to this robustness: the helical structure of H1 is prone to unraveling when the S1-H1-S2
peptide suffers a large change in the relative F1-H1 orientation.
